Introduction
Since the introduction to the market in 1987, proton-pump inhibitor (PPI) utilization has increased rapidly. Now, PPIs are among the most widely used medication, in both prescription and over-the-counter (OTC) sales. A common mechanism of all agents in PPI class is the blocking of the H+/K+ ATPase (adenosine triphosphatase) to reduce acid production by the parietal cell. 1 They are used dominantly to protect the gastrointestinal tract from acid-related disorders and the effects of glucocorticoid or non-steroidal anti-inflammatory drugs. 2 In clinical settings, PPIs are perceived to be of a favorable safety profile.
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Yang et al Several case-control and cohort studies explored the association between exposure to PPIs and AKI, but the outcomes remained inconsistent. [11] [12] [13] [14] [15] [16] Five studies demonstrated that PPIs use was significantly associated with increased risk of AKI, [12] [13] [14] 16 whereas no obvious relevance was found in other studies. 11, 15 Hence, we conducted this comprehensive meta-analysis to determine the association between PPI use and risk of AKI. This study might help clarify the controversial issues and provide clinical guidance.
Methods literature search strategy
We systematically searched EMBASE, PubMed, Web of Science, and Cochrane Library databases from inception to September 23, 2016 , using the following terms: "proton pump inhibitor," "proton pumps," "PPI," "anti-ulcer agent," "antacid," "esomeprazole," "omeprazole," "ilaprazole," "dexlansoprazole," "rabeprazole," "lansoprazole," "pantoprazole," "acute kidney injury," "acute renal injury," "AKI," "acute renal failure," "acute renal dysfunction" (search strategies are available in detail in the Supplementary materials section). No language restriction was enhanced. Furthermore, we searched the reference lists of all included articles for additional eligible studies. The full text of a record was reviewed carefully if there was any doubt to the eligibility of it. Two of the authors (Yang and George) independently screened titles and abstracts, analyzed full-text articles, and ascertained the final eligible records. Divergences were resolved by discussion, or consulting a third author.
inclusion and exclusion criteria
Eligible studies met the following criteria: 1) the study design was a case-control, cohort, or clinical trial study; 2) the exposure of interest was PPI use; 3) the outcome measured included AKI; and 4) odds ratio (OR) or hazard ratio (HR) or risk ratio (RR), and the corresponding 95% confidence interval (CI) were reported or could be calculated. Reviews, letters, case reports, abstracts, animal studies, and editorial materials were excluded.
Data extraction
We extracted ORs, RRs, or HRs, and each with a 95% CI from the included studies. Study characteristics were extracted by two authors (Yang and George) separately as follows: first author's last name, publication year, country origin, study design, PPI use groups versus control groups size, mean age, proportion of men, control group restriction, length of follow-up, and definition of AKI.
Quality assessment
We evaluated the quality of studies using Newcastle-Ottawa Quality Assessment Scale (NOS) of observational studies. 17 On this scale, points were given to a study based on three categories: participant's selection (4 points), groups' comparability (2 points), and ascertainment of exposure (3 points) for case-control study or ascertainment of outcome (3 points) for cohort study (the Supplementary materials section for details). Overall, study quality was graded as good (score, 7-9), fair (score, 4-6), or poor (score, 0-3). Two authors performed the quality assessment independently, and disagreements were resolved by discussion.
statistical analyses
All meta-analyses were performed by STATA (version 10.0; Stata Corporation, College Station, TX, USA). Adjusted OR or RR was used to measure the association between the PPI use and the AKI risk across included studies. Considering the low incidence of AKI in PPI users, we assumed that ORs were similar to RRs. 18 Therefore, the adjusted HRs and their corresponding 95% CIs were the effective values for all studies. Heterogeneity of HRs among studies was assessed using the chi-squared based on Q-statistic test (P,0.1) and quantified by I 2 statistic. I 2 values were considered to represent insignificant (0%-25%), low (26%-50%), moderate (51%-75%), and high (.75%) heterogeneity. 19 Because of our high heterogeneity, the random-effects model was used to calculate the weighted mean, variance of the summary effect, associated 95% CI, and P-value. We conducted sensitivity analyses to assess the influence of a study on the pooled effect estimate by recalculating the pooled RR with the removal of one study in each turn. Subgroup analyses and univariable random-effects meta-regression were further conducted to explore the potential source of heterogeneity. Reporting bias was evaluated visually by a funnel plot, and Begg and Mazumdar's rank correlation test and Egger's regression test were performed to assess the asymmetry of the funnel plot (P,0.1). 20 Except for Q-statistic test, Egger's test, and Begg-Mazumdar's test, P,0.05 in two-tailed test was considered to be statistically significant.
Results
literature search, study characteristics, and quality
We retrieved 931 potentially relevant records through database searches, and 26 records were remained for full-text review. Eventually, six eligible articles were identified, [11] [12] [13] [14] [15] [16] of which one article included two independent cohort studies. 
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Proton-pump inhibitors use and risk of acute kidney injury association between the PPI use and the AKI risk. Figure 1 shows the study identification process. Table 1 shows the characteristics of the seven included studies. They were published from 2012 to 2016. Five articles were from the United States, 12, [14] [15] [16] one from Canada, 13 and one from the United Kingdom.
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Six included studies were graded as good quality, whereas one study 15 was graded as fair quality according to NOS as shown in Table 2 .
association between PPis use and aKi risk
The analysis pooled data from seven studies with weights from 8.94% to 15.91%. Overall, PPIs use was associated with an increased risk of AKI. And, the adjusted pooled RR was 1.61 (95% CI: 1.16-2.22) using random-effects models with high heterogeneity (I 2 =98.1%) ( Figure 2 ).
subgroup and meta-regression analysis
We further conducted subgroup meta-analysis, and Table 2 shows the possible confounding factors and outcomes. In the subgroups of cohort studies, participants with and without baseline PPI excluded, participant's average age ,60 years, sample size ,300,000, and number of adjustments $11, PPIs use was found to increase the risk of AKI. However, in the subgroups of case-control studies, sample size $300,000, participant's average age $60 years, and number of adjustments ,11, no significant association was observed. Of note, the revealed positive association was more pronounced among studies with baseline PPI excluded compared with those without baseline PPI excluded. In these two subgroups, the association between PPIs use and increased risk of AKI significantly differed (P=0.021 for the interaction).
sensitivity analysis
Removal of any single study did not change the overall RRs significantly. The pooled RRs varied from 1.47 (95% CI: 1.06-2.04) to 1.75 (95% CI: 1.23-2.49; Table S1 and Figure S1 ).
Publication bias
No evidence of bias publication was identified by the BeggMazumdar's rank correlation test and Egger linear regression test (P=0.764 and 0.966, respectively). 
Discussion
This is the first comprehensive meta-analysis of seven studies to assess the effect of PPIs on the risk of AKI in 2,404,236 participants. We demonstrated an association between PPIs use and an overall 61% higher adjusted risk of AKI. The association remains significant across sensitivity analyses.
Subgroup analyses showed a more pronounced risk of AKI in participants with baseline PPI excluded. However, in the studies with larger sample size ($300,000), older participants ($60 years old), fewer numbers of adjustments (,11), and case-control studies, no significant effect was observed.
Considerable heterogeneity across studies was present in our study. Subgroup and meta-regression analyses showed participants with and without baseline PPI excluded might be a source of heterogeneity.
The mechanisms of the associations between PPIs use and AKI were not clear yet. The proposed mechanism could be through interstitial nephritis. Most AKI events were identified specifically in the form of acute interstitial nephritis (AIN), which was suggested to have an association with PPIs exposure by multiple studies.
7,21-24 PPI-induced AIN might be a cell-mediated idiosyncratic immune response, 25 a class effect as all PPIs could cause AIN. Kidney biopsy demonstrated a diffused interstitial cellular infiltrate of eosinophils and lymphocytes with and without tubulitis, whereas the glomeruli and vasculature were normal. 24, 26 It could be hypothesized that an individual's prior exposure to PPIs could desensitize the kidney to developing PPIinduced AKI. Our subgroup analysis revealed that positive association was significantly more pronounced among studies with baseline PPI excluded compared with those without 
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Proton-pump inhibitors use and risk of acute kidney injury exclusion of the baseline PPI. Therefore, for those patients to whom PPI has never before been administered, careful assessment should be made by clinicians to determine the necessity of those drugs.
Our analysis revealed that younger patients might be more likely to develop AKI due to PPIs use than elderly patients. In older participants ($60 years old), PPIs use had no significant association with AKI, but a significant association was found in ,60-year-old participants. However, the difference was not maintained by meta-regression analysis. Our outcome might be explained by the fact that PPI-induced AKI was thought to be an immune hypersensitivity reaction, which was known to be more common in the young. A large case-series study reported that PPI-induced AKI was more common in elderly patients, 27 but this case series had limitations of no control group and small sample size (n=15). Besides, three 11, 14, 15 of four 11,13-15 studies that included participants $60-year-old were not limited to new PPIs users, and these elderly patients could have had a history of exposure to PPIs, which might have hidden the risk of AKI. Meanwhile, Arora et al found that younger participants were more likely to develop chronic kidney disease (CKD) due to PPIs use, which was comparatively consistent with our outcome. 28 An individual's existing diseases and exposure to other drugs might impact the AKI risk assessment due to PPIs. Our subgroup analysis found no positive association between PPIs use and AKI in the studies with fewer adjustments, but for studies with more adjustments, the association turned significant. For example, Lee et al analyzed data with different models, which differed in number of confounders. When only demographics or/and cardiovascular comorbidities were considered, the association between PPIs use and increased risk was significant, but was not as significant when possible clinical indications for PPIs use, severity of illness, or the use of outpatient medication use were included. 15 It was reported that AKI was associated with the development of CKD and progression to end-stage renal diseases (ESRDs). [29] [30] [31] The association between PPIs use and CKD was shown by several studies, 14, 16, 28 and the association was more pronounced in patients using higher doses of PPI. 14 Lazarus et al 14 and Xie et al 16 conducted three cohort studies and found 1.22-to 1.50-fold increased risk of CKD for PPI users versus non-PPI users, and a 1.28-to 1.39-fold for PPI users versus H 2 receptor antagonist users. 14, 16 Meanwhile, twice-daily PPI dosing was associated with a 15% higher risk than once-daily dosing.
14 A case-control study had the similar risk of CKD (OR =1.10; 95% CI: 1.05-1.16) among patients taking PPIs versus those not on PPIs. 28 In addition, an association between PPIs use and ESRD was also revealed by a cohort study (HR =1.96; 95% CI: 1.21-3.18) 14 and a case-control study (adjusted OR =1.88; 95% CI: 1.71-2.06). 
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Yang et al PPI-related CKD might be explained by the following reasons: First, interstitial fibrosis might develop rapidly once the acute inflammatory process in AIN patients begins. 25, 26 About 30%-70% biopsy-proven AIN patients would not recover fully and had severe sequelae, including chronic interstitial nephritis, CKD, ESRD, and dialysis, especially for those without timely diagnosis or treatment. 24, 27 Second, Xie et al 16 conducted a 5-year cohort in which it was observed that even though adjusting for AKI, PPIs use was significantly associated with renal insufficiency. This suggested the existence of unrecognized AKI or chronic latent renal injury. Third, PPIs use was reported to be associated with hypomagnesemia, which can cause endothelial cell dysfunction, oxidative stress, and inflammation, and is related to renal interstitial tubular injury and causes decline of renal function. [33] [34] [35] [36] Our study provides important implications for public health. Millions of individuals take PPIs each year, more than half of which may not be medically indicated. [37] [38] [39] PPIs are generally perceived as benign and well tolerated. Our analysis revealed that PPIs use might be linked to untoward effects on the kidneys. More consideration should be taken for patients with the following characteristics: first, young patients (,60 years old); second, patients who have never had exposure to PPIs; third, those on high PPIs dosage; and finally, patients with existing kidney diseases 26, 40 or taking other nephrotoxic drugs. A study showed that PPIs use might increase the risk of AKI (adjusted HR =2.15; 95% CI: 2.00-2.32), CKD, and ESRD compared with H 2 blockers, 16 which suggested that H 2 blockers could be a better choice in some cases. But, this result needs more relevant studies for support.
Although our meta-analysis included studies with larger sample size and higher quality, there were still several limitations. First, the heterogeneity was high in both total population and subgroup. Second, studies included were observational and could not provide evidence of causality. Case-control and cohort studies had the opposite outcomes. Third, there were no exact and uniform restrictions of PPIs use indications, dosage, and duration in included studies, which might have impacted the risk of AKI. Finally, restriction on control groups and considered confounders taken into account had many differences that affected the outcomes. In light of these limitations, further well-designed prospective and interventional studies were required.
Our study revealed that PPIs use might be related to the increased risk of AKI, and the risk was more pronounced in young patients and those never exposed to PPIs. Although our findings will not prevent clinicians from prescribing PPIs to patients with definite evidences, our study emphasized the importance of curtailing the indiscriminating use of PPIs and the need to exercise more caution when prescribing these drugs. Health care providers should closely monitor patients taking PPIs by urinalysis and renal function tests to recognize any renal injury in time.
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Supplementary materials
Search strategy to identify studies evaluating proton-pump inhibitors use and risk of acute kidney injury.
On PubMed
Search ((((((acute kidney injury) OR acute renal injury) OR AKI) OR acute renal failure) OR acute renal dysfunction)) AND (( ((((((((((proton pump inhibitor) For case-control studies Selection included: 1) the case definition is adequate, 2) the cases are consecutive or obviously representative of cases, 3) controls are from community, but not hospital or without description, and 4) controls do have history of AKI.
Comparability included: 1) study controls for age and sex and 2) study controls for $11 additional risk factors.
Exposure included: 1) ascertainment of exposure is with secure record, 2) ascertainment for cases and controls is by same method, and 3) cases and controls groups have same non-response rate.
For cohort study
Selection included: 1) exposed cohort truly or somewhat representative, 2) non-exposed cohort drawn from the same Drug Design, Development and Therapy
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Figure S1 sensitivity analysis. Abbreviations: aric, atherosclerosis risk in communities; ghs, geisinger health system.
Outcome included: 1) assessment of outcome (independent blind assessment or record linkage), 2) follow-up $5 years, and 3) complete accounting for cohorts or subjects lost to follow-up unlikely to introduce bias.
